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Tte fiMC«! objMCiv« of this «ock la to fabrie^o md 9tUf 

m latogcally eo^oMd varUblo ooMrnr MT «ol« wll «4 

datoraiM tte fOotibUity of l^roviag t!w ptetofoltai« pnP' 

octiot of tot« Milt throuih tte «M of tte vorUbU V9 Ptl^ 

eiplo.   SpMiol Mptetit Is plae^ oa tte topwwwl of offls- 

imcy, nd tte ptetotoltale ptrfOiMoea at taaparaturaa ateva 

25 *C. 

Tte variObla gap aall oadar atvdjr la fabrleatad tnm too 

III-? co^aonda - Galiläa Araaalda and OalllMB Pteaphlda - «0 

which tte call aurfava la oMpoaad principally of lallloa ptea- 

phlda foralng a "oladoif ef hitter band gap aaargjr than tte gal- 

llua araanlda portion of tte call«   A tpaclfle abjaetlva la to 

dataraina tte faaaiblllty of auch a window aa a aaana of aehlav- 

ing higbar eollaction afflelaney and loaar ateat raalatanca. 

Tte priaclpla aatted of producing tte wariabla band gap 

window la by aolid scat« diffusion.   Tte apltaslal grouch aatted 

it Included for «Cudy, although not invastlgatad, ss yat. 
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•oil* •«*• «ffctlo« of fio^fcWM IäO irtll-»«I*. ■*•* 

ODiDirriTll— of |tUl«i pkMphl*, of tht octer of 90 pMCMt, 

km toM dacondMd by x-vv «^ti«*   Otptht of 50 •!««»• hm 

bMOobtalMd. 

8€M kaovlAdfi of Cte coovtrtloo ptoeMt hM btM obcaiMd, 

•llooioi fomlittoo of • tMp-cyp« «emrtioo mhai«, IAIA 

1« part of chit ctporc. 

L TMtatlfO 4Ma tadleatM • «oo-llat« dlfftwloo-oowrtwlao 

rm, with vapid r*M initially «d vory tlo» Md vmt for o 

givon clat of diffuoioo. 

Tho difftioioo rato or «**** for tine to tallim photphido 

•orfoeM U obMmd to bo oiioiflCÄHy hüb« thm in grill« 

arooaldo by oc IOMC OB ordor of ■agalCttdo, porhapt wo or throo 

ordort of M^iltudo. 

Tvo loooral tpoolot or cotoiorloo hoto boon aolootod •• broek- 

otlag tbo varlou pooolblo doptht, coocootrotlooo, aod grodloatt of 

vorloblo MP «•"•• «■V ropromt vory thin gollluo photphido tur- 

ftctt, (I to 2 aleroot dttp), tnd dtop (10 rileront) Ityort. Thty 

o 
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to «*IM* fitt« 4iMiail« elMraetwrUtlM, MfMially 

ll ffMtC«! IMPOMS« 

IffletoMiM HMI to otoflt Mt otmtoro tato boM «totoo« 

to tko okOllo» opoiot aMKloort *ovo.   lodtoÄtoM of toprwrod 

hlih t«Mcae«co focfb«—oo «or thto typo eoll hovo bOM ioood. 

Ipootrol foopooM doto oufpocto ttao pciaeiplo of tho high 

bood it» «VtodoO1* offset to tto dMp fpoeloo. 

to oloetso^teh-ttoto toetaiqot produeoo oseolloat dtftoltloo 

of p-o JuoetloM ood golll» ptefphido Iqu» utotm* dMtwctloo 

of tto eoll. 
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A owifitwM «M **U at iMto-Ptatar lMMB«h UkoratwlM, 

HiMd, oUahoM. MI My SS «i ticlu, with Mr. LMCMM RtaMrti, 

of lv«w UbecatoclM, mi mmn. W. I. Mdealf «d U»l« i. ItoM, 

of thit laboratory.  Tha aobjaet of tha «mfaxaoea «aa tha «raattaa 

aad a^haait of piojaetad «ark, aad Cht eurraM prograaa of tha iMMt- 

Itatioo.   Currant atata of progcaaa apaclMo calla «ara dalivarad to 

Mr. tetararta at thia Mating. 

A taeeod coofaraoea «aa bald on Daetribar 5, 1961, at IM* Uk- 

aratoriaa with Waan. «■ Cterry, L. Setanrta, md J. Modalkera, of 

Urn Uberatoriaa, «d Maara. V.l. Mdealf and Uaia I. Stooa of 

Bigla-PielMr Coapaay.   Tha purpoM of tha coofaraoea «oa agoia tha 

currant prograaa aad diraetlon of tha intaatigation.   Another group of 

apaciMO calli «aa dalivarad, md «iaual ■icroaeoplc axMinatlte of 

other •paciana «at daoonatratad.   Both tha aforaMntionad coafarancat 

«ara uoaful «ad vary «uch «orthwhila. 

Baoorta; 

Monthly Lattar-Typa raporti hava baan aubalttad on or bafora tha 

4th. day of each aonth aa par contractual agraaaant. 

Publleatiaoa: 

A brlaf article, antitlad "Comraraloo of Galliun Araonida to Gal- 

Uta Phoaphido by Solid State Diffuaion" haa been autadttod aa a Utter 

to the Editor, Journal of Applied Pfayaica, for publication. 
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A. 

Tte tlNONttMl U*iB for tto CMMceh ptrfonrt »rt« ChU eootraec 

!«• W« dUoimd U ÄtiU to pmloM wpartt<ll   Irtofly tl» ga- 

ll« anMUMMlltoa phMphidt Mil «oidd hm • •»toct eo^oMd 

ptoeiMlly of MlltoB phoiphldt, dtototohtot to eooMntMtto« with 

toenastot dtptb.   Tto hiil« ««rgr MP Iflf« «»I«! •I»«'"■B<rtiil«1 

of lomr •mm photoM to • dtpth aoocor tte Juoctloo, topro»tog eol- 

Itetleo «od teneo ofttctoocy.  tho grootor d^th, *m dlffoood with 

ttoc m o p-typo dop«t, wold roduco »hmt tootot«co olto. Tht higl-r 

baod gtp Mtortol «oold thMcotieolly ohoo toptwrod higH ti^oramro 
(-) ehttoetoriotieo.   EM^U ••• pUeod oo tl« dt-ooitMtioo of «oeh 

offMto, toeludtog tho "otodoo offoct" of tte golli» ptoaphido Iqror. 

latecnt to tht ttotod purposo It tho study of tho dlf ftwloo-oowroMloo 

proeoM to aeeo^llth tht vtrtoblo gtp tttuctoco, tod dtrtoo eoottolt 

for tueh procotttt tad ttchniqutt «hlch trt rtqulxod. 

B,     Approach to tha Ptoblf: 

Tht tpprotch to tht problta tocludtt tht following: 

1. Study of gtlli« trttnidt ccytttlt to obttto tnd toprovt tttrttog 
■ttoritlt. 

2. Study of tht diffutioo-cowrtrtioo proettt to ««««^^Jjj;^1^ 
v«2blt gtp tttucturt.   Thit otctttttily tnco^ttttt kaowltdgt «d 
SSwl oHh. cowtrtioo »chtoto. to obttto dtoctjt. P^« ••!"- 
nha.Dhidt rtthtr thtn tottrttitiolly dlffuttd photphorut.   It tlto 
KltollotSSÄiS of tht opttoui thicknttt -d conctntr^ion of 
tht gtUim photphldt Itytr« 

-   5   - 



0                      9.   Itiife of tto f«bricacloa of vtUbU m «•»•• •' 'ho dMlxod 
•tfaettttt, «d of ilntlo V9 •«"• •• • tUmmm for — 
ThiO ODOOMMMl tlM follOldBgl 

I 

( ) 

<•)• TOetalqaM of fonlnt p-s Jaoetioos la both tfpoo of eollo, 
with «vhoolo la eootrol of dopth, doooity of dop«*, «d 
ImotiMiey of tte diffoood Iqror. 

(b). Idoatlfleotloa ood ■ooiuitnr of tho |tf It» phoophido 
liptc« 

(c), Xdoatlfieatioo «od MooucoMat of tho dopth of tho p-o 
Juaetloo« 

St (d). Bloeerodlag and eontoetiag both typo eollo to obtoto otaie, 
low rooiotMOO eontoeto otäblo to to^oratoroo of about IQOX, 

4. BtiMtlM Tt Stüi« 
Tha ovaluatlon of eollo la of prlae lavortanea. loutiaa anolyaia 
iaelvdo tha following: 

(•)• ^oe, ige, ood eoovoraloo offleioaey. 

(b). Spoetral raapooaa. 

(c). Dloda eharaetorlatiea. 

(d), Taoparaturo eooffleloota of VQC, liC, Bf^. 

Other par«Mtora eooaldared aifnlfleant ineluda: 

(a). Carrier concentration 

(b). Sheet reaiatanee 

.(c). Contact reaiatanee 

5. Eveluetien of Stert in» Materiel. 

It ie eonaidared iaportant to eatabliah tha effect of the follow- 
ing Mterial character ist lea on cell perfonence: 

(a). Reaiotivity 

(b). Mobility 

(e). Minority carrier lifetiae 

(d), Cryatal orientation 

(a). Galliin or eraenic face of the cryatal. 

- 6 - 



A Mjoc «ffeet hM bMtt Md* dnclag thU «eefc pwlod to 

Cl«lfy ClM MdMlM lOVOl^d IB tfat COftlltWI Of gdllM «rMal* 

Co ialllM phMfhUt by «olid ttatt «ffMloa« Tblt tffact m§ NfUnd 

kMMM of too prtat foetoni (•) tht off^t of wytat ffcuipfcowi 44f- 

fation tctefalot «M ebtotv^ to ehMft tte photofoltoio p^Mttrt tig- 

nlfie«itly. mi (b) publithtd Mpoctt<2>eMt MM Mt eo tto validity 

of oar *t*f idratiflcatiaa of dltcrtc« gallina phoophidt pcoooot. 

Tta MByo-Sclwrrtr poodor diffroecioo toehnlqao boo bora «idtly 

ttMd for tho dooirod dotoniaotioo. Dltadvatotu of tchilcol cwova 

of ooch a thlo Iqrar fro« tte turfaeo of a coll «M ovorcrat by iaalvd- 

tut prtparod kaora slaa povdtr tpodMas ia tha aapoala duriag diffuaiaa 

aa alraadr raportad<3>. fall data oa a Mriaa of muh datamiaatlaaa 

follow ia Table I. 

Wtf I 
Co^otitioo of Phoaphotui Diffutad Calliua Artraida 

Powdar, Baaad oa X-IUy Studiaa. 

Sila M6108BB M6108 BF HtlO« BC miS&M 

Praaaratioa: 

TIM, 2 Hours 20 Hours 50 Hours SO Hours 

,. «C, 800*0 «WC 800-C 900*0 

Prsssurs, 15 Ata. 15 At«. 15 At». 20 Ata. 

^allluB Phosohida Conteat of - 

Arsoaic Rich Phasa,   4.2X 38.61 H.D. 1.5X 

Phosphide "       M       98.01 99.51 86.11 93.11 

Strongest Interaediste Solid Solution 
Phsse, 49.81 86.11 N.D. H.D. 

/ Cslliua Phosphide CoB^osition Cslculsted of 
all phases, 50,81 81.41 85.01 88.51 
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rif»« l llloitr*M tht •ppttranc« «d color duaft ID tte «bovo ttritt 

of ouJn tpictrr*' A»«« ^ *»"• t^^ eocwlotloo bttvMa ete color 

md tht fail« photphl* count M dctoraia^ by x-rqr. 

Flgurt 1. Color Chant« of Phoophorui Diffucod Galliia Arionldo 
Povdor M a Puncelon of Diffusion Schadulaa. 

SOM diaeusaion of tho x-ray data la in ordar. Tha pattan of tha 

■or« heavily diffused spaciaens «are normal, «all dafinad, and aharp« Tha 

pattern of tha «or« lightly diffused specinen, M6108 BE, houever, was 

that of two najor phases of siailar crystal structure with edge lengths 

differing by only about 0.1 A*. Thla reaulta in a repeated pattern of 

lines, aa would be expected. However, the apace between the lines of 

the two patterns are filled with sharply defined lines, or striae, which 

are very distinct on the larger «pacings (low theta angles). These inter« 

oediate lines come from well defined crystalline phases, evidently of 

- 8 - 



CMVMltleM itfWMiUU Utemm tto tm Mjoc phMM that mn tU 

Mi ■Him Of tlM Mild MlVtlMI 9ftm piMMt i* tto •«»l«. 

Tto ItM •traetum«« alto of latonot.  Tto 11M of (to Mttora 

fiM tte «Male deli Md M^M it MKJ graiqr. iaile*!* • p«tl«lo 

•lot at iMrt m ocdn, pwhiM » «f S ortoff, of M^lMdo gnacor thm 

that of tha Maath flM-|raia 11M fcM tha phaaphanw rich Md Mofear. 

WUh galllM araaalda «a tha atartlag Mtarial, tha phoaphotoa dif- 

fMlM-eoMaralM MchMlM mag ho poatulatad aa taklat plaea into tha 

aurfaea bf a aariaa of diaerata atapa.   Bach atap wold ee^riM a thin 

aoM aod within that aooa l^a ecapealtlM would ha onifOra.   At tha 

atata which N6108 BE waa pcaparod at laaat f iva aoch aMM CM ha idant- 

iflod.   lach aoM npraaaata M oquillbrlM candltlM, alnca it hM a 

ccyatalllM atcuctura in hMping with itU CMpoaitlM.   Since thaM 

aooM arc thin, thair diffraction pattatM arc fiM-gralmd. Tha central 

••kerMl" of Mch powdar particle of galliun arianldo MT *** • diaMter 

mmxf tlMa thicker thM the thidnaaa of each Mparate aoM.   Ceofin- 

atlM of the preaance of auch atriae waa obtainad phetogrephicelly. 

Piture 2 illuatretea auch atriae in apeclMn M6108 AA, uhich waa phoa- 

phorua diffuMd at 800*0 - IS ataoapharea, 7 1/2 houra.   In tha ctoaa 

aactioo view, the white area ia the poliahad galliua araenida aurfece. 

The gallium phoaphide layer llea betwaan 3.1 and 3.2 acale divialona. 

Tha lower irregular Una at 3.2 repreMnte tha innanoat boundary of 

gallium phoaphide, ea dafiMd by electro-etch atelning (which will be 

described later).   Tha itrlae ere viiible, and «era very Mil defined 

under diract microscopy. 
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Vltn« 2. Croat tcccloa Vim of Variablo C«p Vofori ShowiM StrlM. 

Moco «M aodo that in cha haavlly diffuaad aiatiira of tha aariaa, 

M10S M aad M10S M, tha praaaaea of iatanadiata phaaaa «ata aac 

fauad. Tha laplieatloa la that eoevaraiaa occurrad all tha way ta tha 

caatar of cha S-aicroa radiua povdar partielaa. Thla !• la agriMant 

with alcroacople avidaaca of vafara diffuaad aiailtaoaaualj with Cha 

pawdar apaciMoa in which a layar of galliua phoaphida 10 Co IS aieroaa 

Chick waa obaarvad aad phocographad. 

- 10 - 



Pltur« 3 iUuitratM ««ftr «pMlMn N6I08 iM. In eroM-MCtlM vU* 

•Cttr ttchint btwlly to daflM ctw fllim phoapbitft l^tc. 

Figure 3. Cross Stctloo Vlow of H6108 BH Waftr Shawiag 
10-Mlcron Gal HUB Phoophido Uyor. (500s). 

Samt «ffore woo ««do Co dofln« eh« dlffuslon-convorsloo rat«. 

Table II indicates neasuraMnCs aada of variable gap stnictures of 

different diffusion schedules. 
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NMMNd Dtpcha of Calliia ftetphlda Uytri 

IdMtlty      IhMptontt       Dlffutlon T1M Dtpth      GoMWttMlM 
iviivivjaj-i. 

Mioeu 800*0 IS J icao«. 2Rrt. ...—.f SO.« 

M108AA 800*0 IS M 7 1/2 Urs. About 2 73.0 

N6108Br 800*C IS M 20 Hrs. 2 81.4 

M108BG 800*0 IS n SO Bra. 2 or 3 8S.0 

H610SBH 900*0 20 N SOHrt. 10 88.0 

Mill BE 9S0*C 20 N 170 art. 30 >90.0 

Mill W 950*C 20 •i 340 Hra. SO 7 90.0 

Tte data la this tabU auat ba Incarpratad la tba lifbt of tht follow 

lag factora: 

1. Tba eoneantratlao of t«"i*<" pboaphida appaara to affact tba atch 
caalataneo of a layar; NS108 BE corraapooda to «-ray data indicatlat 
50 parcant coneantration; it appaara to ba attacbad by tba atcbaot. 
Etching did not claarly dafiaa a layar, although othar avidanca 
atrongly indleatad auch vaa pcaaant. 

2. Tba figuraa llatad for M6111 BE and Mill BP ara for tba 
daptb. Each vafar had a highly poliahad faea, and an unpoliabad 
faca. Tba poliahad faca Indleatad 20 dnd 40 alerona, raapactivaly. 
In daptb. Tba unpoliabad faea indleatad rathar large ctyttalllna 
protubaraneas grown out of the faea, apparently the raault of nuelaa- 
tad epitaxial growth. Thla aide had the deeper layer. It is not 
known which (arsenide or gellita) lattice face thla sight repreaent. 

3. The number of speelasna Involved la not statiatieally lerge. 

4. The conversion process is known to be both pressure end teaper- 
sture sensitive. 

The dste does support the following tentative conclusions: 

I. The Initial rats of diffusion-conversion st pressures of the order 
of 15 atmospheres, is very rapid, exceeding the diffusion rate of 
phosphorus at stnospheric pressures, or less, by several ordere of 
magnitude. 

- 12 - 
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1. Tto faiUUl rtpld nu dM^rt m*f ripldly th« tto upia «m 

fwetlMi mociifd «Uk dlffMloa pcooMMt. 

*. Tte •twrtl diffMlM is wry «NrtlMar M4 *»M not «rnfm to 
tte BOUMM aodil. 

k. Tto «mall dtpch «d eoMMDKcKlM ippMCt ■J?«.-;»"*"^^^ 
Utoaritf, ■•ooadwrHy «po« pcMctow, mi thirdly upon tlM. 10 
tto PEMMN nglM IS to 20 ataooptocto. 

It 1« latocoMinc to not« ttot ißllim ptotphidt ecyitalt nofo low 

od ot ooo ood of tto Mpooloo dwrlnt tto loot« ttoo rm».   Tto «poolot 

oco pnpnod with ptooptocuo at 000 ond, opoolMos to tto oootor, ottor 

ood ooolod oodor voeuuo.   Cooling io doot olooly, oith tto ooolod ood 

pcotcodiai into 0 ooolod MOO to caodMM tto ptooptocuo and pcovoat 

dopooits of oloMotol ptosphocua 00 tto «afOca»   At tte oppoaito ood of 

tto aopooloa, puco galliuo ptoaphido etyatolo ooco Obaacvod, lorgor in 

oioo is tte lootar ttot «voulo.   Thla «qr offer o diffocont toetoiquo 

of growins galliuB ptoaphido crytcala froa tto vapor phaao. if tto aap- 

oolo cootalood oloMotol galliuo inataad of galliua araaoida «afOra. 

With tto objactlvt of propaciog aballew layora of vaty high galliw 

ptoaphida coocootrotion, too tantativa aaporioanta «aca oada of ptoa- 

ptorua diffuaioo at allghtly won than 30 atooapharoa pcaaauro, gWC 

for too houra.   Poudor apaelMna uoro ineludod.   X-ray pattarna «ara 

poorly dafinad and judgod not usabla for calculation.   Calla ooro ob- 

aacvad to havo a glaaa-liko flln coating.   Zinc diffuaion raaultad in 

« vary thin (aatiaated of tte ordar of .2 oicron) photoganacating aur- 

faco. in tte aeeond axpariMnt tte aaoa fita waa noted and raaovad prior 

to «inc diffuaion uith concentrated HP acid. Cella fabricated thua were 

poor, and lacked tte usual variable gap characteriatica. It la poaaiblo 
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th* thU *i*K Of ptMMN tXCMdt tht diMMOCiaClM pCMMN of 

tail» «MsMt «d iahlbUs tte eonftrtiM pcooMt« AB «ItccMtivt 

•aplMtiM eoatM^latM tte rapid fofMtlon of m flO| fite to pro- 

daeo tte •«• wiult. Xa tte latotMt of «xp^lonqr, it m» «Midtd 

to lüOt, «t »fM««, tht fObrieotioo to 20 «caotptec«« prtitoro. 

Ito May pMiibl« dtptho of g«"*«» pl»»pWd« Iff facthw «»- 

plo»d by eooe«Ärotioo vorUbUi. ttqulrod Iteitatioo if tht imMt- 

itatloo «M to adbort to it's Mia objactiMt. Ttexofoco, it «at dac- 

idad to oaa too "apaciaa" of variabla MP atroctutaa, i.a., aoa olth 

ahallo», «totaal Mlli« phoaphida layar dapth aa pcoducad by phaipbama 

diffuaioo aetedulaa of WC - 15 ataoapharaa, 2 to 10 houra, and tha 

othar of fairly daap MUIM phoapblda atruetura, aa produead by icbad- 

ttlaa of tha ordar of WC - 20 ataoipharaa, 2 to 50 houra. Thaaa too 

apaelaa art eonaldarad to brackat tha daairad atruetura for tha varlibla 

gap call. 

D. fine Blffualon. 

Zinc diffufloo aa pravloualy raportad(3)haa baaa dooa in tuba funaeaa, 

in anblant hydrogan atnoaphara. Tha tpaclnan and dopant ara placad in 

a daan quartt boat, uhich la rataioad in tha tuba axtarnal to tha £ur- 

naea during outgaaaing and heat up. Tanpereture it aaaiurad by e quart« 

eneloeed thernocouple ineerted in the tube to the center of the hot tone. 

When the desired etabiliced teapereture hai been etteined, the boat la 

■oved to the center of the hot «one for the desired length of tiae. 

Quick cooling is obtsined by reaoving, the entire tube froa the furnece. 

- 14 
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boat WMd back to !**• fecMt potlclon and tte aotlta tuba aoolad by 

avaparatlOB. Tha bydrofta akwaphaca la ■alataiaad uatU caolad to 

ta^aratora. Acton gaa la uaad for purging. 

Initial fäbrleatlan aad taatlng of alngla gap ealla IndUatad dlf- 

fualan aetodulaa of about 600*0 for S to 6 nlautaa proAiead aatlafaetocy 

Junctions about 1-^exon daap. Spaccral raaponaa enrvaa eorroboratad tbla 

ordar af dapth, Indicating fairly broad raaponaa In tba blua region, 

paaklng In tha .O-nlcron «avalangth caglon. Junction dapth naaauraaanta 

on calli with fairly daap galllua pheophlda layara (10-Mlcrona) rapaat- 

adly Indlcatad tha junction to ba at tha botton of auch layara. Tha In- 

dication of a nora rapid diffusion rata of sine In galllua pfaoaphlda sup- 

ports tha avalläbla Infernatlon In ths lltaratura<4>. 

TSbla III Indlcatas typical 4-proba naasursMnta of both slngla gap 

and varlsbla gsp calls at spproprlata points of fsbrlestlon. All calls 

had alnllar pollshsd surfseas, sod slnllar diffusion csebniquss. 

Typical 4-Proba Data of Slngla Gap and Vsrlsbla 
Gap Calls. 

Initial Surface 4-Proba   Zinc 
4-Probo olns/sq. ohns-sq. Diffusion 
Aftsr Phos» Dlf. Zinc Dif. Schsdula 

6000       5. 650*0-10 Min. 

3.5  "  ••  " 

7200       7.5 600*0- 5 Hin. 

7.5  "   "  " 

Ths tsbla indlcatss typical increased surfsce reslstsncs sfter 

phosphorus diffusion and spproxinatsly equal resistivities, end 

IS 

Type 
Cell 

Nunber 
of Cells 

4 

4-Probe 
ohns/sq. 

Vsrisble Gsp, 1000 - 1700 

Single Gsp, 3 900 - 1200 

Vsrisble Gap, 8 900 - 1000 

Single Gsp, 4 700 - 900 



■ 

cktntort «fMl mat*» cmttn coMMtratloot. of both typo eollo oftor 

■lac diffMioo. 

Tho iadieotloo of o aoco rapid dUfnotoo rat« of sloe to golliua 

plmphldo l^roro w^Mtod «o «sptrlMotol ee^orlteo.   tm «tfero of 

•tailor Mtoriol, ooo hoviag o golliui phoophido laytr 10 to 12 aiecooa 

thick, «OM diffuood •taultMOoucly «ith siac ot 850% for 10 afautM. « 

Ac oapoetod, title prodocod o p-a Juactioo 10-aictoac deep la the ploia 

vofor, oc dcccniacd by direct aleroccopic acMunatot cad by otch-Miiht 

loco attbodc. da oloctco-otch ctoia tockaiquo, to bo deoeribed later, 

produced deer deflaitioa of the Juactioo. Sialler aeeeureatot of the 

verieble gep call by both croee-eectioa ead eagle lepped aethode ie 

illuetreted la Plgure 4, ead clearly indicated tbe Juactioo to be about 

20-aicioae deep. Poeltlve identity of the Junction wee proved by alero- 

aaaipulator probing eloag the eurfecee under lOOx aapiificatloa, ueing 

the verticel alcrotcopic illuadnetor for excitetlon. The cine penetra- 

tion thue vas 10-aicrona la the plain wafer, end in the verieble gep 

atructure wai 10 to 12 alcrooa of golliua phoepblde plua about 8-aicrona 

of galllua ereoaide. The indication thus la that tine penetrated the 

10 to 12 alcroa gelllua pboaphlde layer aa eeaily ea 0 to 2-alerone of 

gelllua eraenlde. 

- 16 - 



rtiitr« 4. Crow UctUm VUw of r-M Juoctloo In Variablt 
Gap CtU. (500K). 

Tte Indication, Ctortfor«, U « Uaat an ordar of aagnlcuda 

faacar «Ine dlffuaion in tha gaUi«» phoiphlda layar Chan in fallliM 

araanidt, parhapa tuo or thtaa ordars. Thia pronptad an affort to 

raduca cha diffusion achadula« to product tha Junction within tha 

talliw phoaphida layara. It vat conaidarad advitabla to hold tha 

tlaa of dlffuaion to no lass than 10 nlautaa initially. A aariaa of 

diffuiloni uara earriad out with twparaturai dacraaaing fro« 600#C 

in 25*C atap«. lach group conaiatad of ona lightly phoaphorua di£- 

fuaad wafar. ona haavily diffusad «rafar, and ona or nora plain galliua 

araanidt wafart. Unfortuntttly. a natarialt variabla vaa in: roducad, 

aa tha wafara wara fro« different starting mattrltlt. Tha ratultt of 

thia atrita art, ta ytt Inconplttt. Tht tlnglt gap ctllt Indicttt t 

progrtaalvtly ahallowtr Junction, with Effop good tt 550 to 500'C. 

^ 17 - 



0 

( 

TIM phMphoms «LffuMd Milt ladieatt l^cavlat Mf^ «t StS^C, 

futtku «MMMtM of thU ttttdlr 1» Mte min "ItalMtlW*. 

Tin tMMca oHw of f*riMtln tttpt hM ktM npoct* im *UU la 

tto pmrt** npocc^.   iMMtUlly tta MM Mdai^w^ «• ««MMly 

la «M, «Uli IMMIIH MM aktMtlM MM to elMB MrfMM Md otelolty. 

Bloetrleally pltt«4 alckol eootoett tN uMd to eootaet tte a-typo balk 

MtMUl Md tpottond plotlaM coMMtt to tin p-typo MTIMO. At M- 

perttd pi«vleMly<9> MM aM-okalelty mt osparlMMd wich high ntltt* 

Ivlty aMorial, M Mil M OM-Mlfon plttlaf. Tht aM-ualfon plotlag 

Mt föMd to bt t attMlal chtroetaclttle, tad tht poor otalelty trottd 

to tht alckol cMtMt. Hitt tcottlag of both eoattctt, lahttoM la tht 

Mldtr-CMtlag «top, producod food ofaale CMtMtt. HMM, toldor eott- 

lag It now toutiM. 

6.   Evolutloo. 

1, Coatrtl» 

Tht ovtlMClM of tolar coll« Includo« routlMly tht followlag 

procoduro: 

Photo-portMtort, Voc. lie» Ef«^ «to aMtucod undor lOO-aUllMtt« 
of light froa a Typo RPL-2 bulb.   Ineldont light la flltorod throuih 
l-lnch layat of wator In a aultablo pycax coatalMt Md Maaurod with 
M Bpploy pyrohalloMtor.   Short circuit current la Maaurad aa a 
voltage drop acroaa a l-oba load resistor* 
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Diode cl«r»cter4«lc. are -oa«urml, unlng « TechtronU0.c4llo.cop« 
•adaim tr-cot adapter,   «ton üe^lred. direct current plow «re 
Mde. 

Spectral re.poMC data «re obtained ualn* a Bau.ch t, Umb Spectro- 
PhocoMter oC the Rratin« type. 

2,    ^unctlgB Pepfch ««d C«rriT Concentration. 

Junction dapth ■aa.uta-ent« have been greatly iacilItated hy a 
ta^nl^e diveloped early in thi. «ork period.   The techni^ 
allo»». non-deatructlve deter-ination ot p-n i*™"™****1*- 
eate. the galllu« pho.phide layer »inultaneoualy. u,,,n« ^ """ B 
nhed cell!   The cell  la «ounted cdRe-wise in Mu- groove, sawed in 
1 SJcSili bio^k. «ith one edge procrudln« .lightly.   «"• «l««- 
trST. are brought out the end« o( the groove.   The Protruding edge 
la lapped and poll.hed.    Figure i  illusirate« the »ounted. Po»*«™ 
«ll!   A Aenfial i. applied acro.a the ""-J**"™?'*'' 
negative to "n" «ide, .uf'"- •   ■ ■ "' *■" •   ^Mt  b lo l0 miUi 

«spere. forward current. 
"f.'.ide, auf fie lent to produce about 5 to lö 

Figure  5.    EdRc-Mountcd Polished Cell  Prepared 
for Electro-Etch-Staining. 
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A few drop« of Hiun of «bout 4-*>Ur concontr.tion .ro PjfJ«JJ» 
t\mJ*Z edge of the cell for 15 to 30 «^»"i.   Tht etll   . 
tZn rZ.*4 crefully «d blotted dry.    "^'^   J"^0"^?^ 
»r^j.  are obwrved •telned, "n" are«« un«t«lned, with the junction 
ÄrÄH   . -«k line     Verleble gp cell. .Uo «.   o-J- 

to h»ve the Relll«« pho«phide l.yer« we 1 defined.   ^ JJJ JJf 
niouc is applicable to angle lapped cell«.    Figure 6 "»"«""• 
Jl,; junctiSS in a «ingle gap cell, angle lapped, under 500« -ml- 
fic.ation. 

Figure 6. P-N Junction in Angle Lapped Single Cap Cell 
After Electro-Etch-Staln.  (500x). 

Where no Junction I« present, the galliu™ phosphide I« ^ ".lly 
and well defined by etching In a solution of l-K0H^n) Z-H^ ^TCJ 
'"HOO   or 15 to 30 seconds.    Using either method. ^«J»1«0;"^ 
L2ttre«nt to about I-mlcron may be made at 500x.    Shallower depth« 
will require higher magnification and resolution. 

Fairly good correlation has been observed between diffusion «ched- 
utes and the time required to etch single gap cells to «^ short 
c r u " c „ent.    The solution used is 1-2-5 K0H(6 normal) HJOJ (3« 
HO    at room temperature.    The general pattern Is described In detail 
lla previous report(5).    Briefly, the I8C shows a rapid Increase a« 
the  junction il approached,  decays quickly to zero as It is di««olved. 
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tSi« if • tht jMetloM foraH ä ete IOMT tm^mmmm urn « 

It A TIM to UM IM M • IMOtlM of U» 
•two I1M Dif AMCB for llatl« CM Colli 

Appcox. Itch TIM     IOt.*MtlM 
ft 

M0«C-10 Maotoo, 

57J-C.IO Hi«to.. U80«-.. .t-W    " ^SeMdü*^-" 

SSO-ClOHlMto.. ••oe«-.. •• - LO    " I1^^'^ ^ 

S25-C.10 NMo.. 6 8o«ood., .5 -   .1    " f^ZiiT** 

WC.10 Htout... 4 80«-d., U..tl-..5" JjfnJoÄ5" 

475*C-10 Nlautoi, 2 Soooodo»  About .1 N 

Cttlor cooc«itr.tloot lunro bM» dotot^li-d bj 4-ptob« -T«-«^- 
AdtoodVOOtO^ bM bOM ObMCMd to COlU Oith **l»J^**?* 
thit SSolSl ponetuting of tb. l^ft. ^T« «J^lg* "^ 
thl eall     CoaMmiootly. corritr cooconttÄioo data oo tba ■»«'•" 

data ladioatotbat carrlor eoocaotrotlM dwpo rapidly baloo 550-C 
SlffaiSi SpSItor.«.   ApptoKlMtoly id« carrlor./-» ara obtalo- 
ad In althar typa call Aovo thl. toaporatura. 

3.   rtflclanciat. 

Typical photo para-tara of •logla MP. ih•lla,'«•11*UB
T2?lP5id*nSi 

So Mill« photphld. varlablo gap c.lU ara glvao lo Table V.   Data 
JSS StaSd «Sir 100 ^lllwaet light input through a l-lnch I^O 
filter. 
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TfpUäl Photo Paraturt «f Stagl« <Mf • Itellov Gallüa 
ffcoitMit Mi BMp GalliM HütpiMt fariMl« «M 

Oülii. 

Tipt*»* Phetplmnw tlM .1,9 v 
oCOtll UMorp UMocy VM      M/Mr   U^    fi 

980 f .6 600*0-) Ma. .74 14.M «•« 

Sttl.O.            «00*0-4 Hin. .72 17. " 7.51 .54» 

M9I. 0 940«C-10 Ma. .70 14. N 6.1» .50t 

SM f. 0.     «00*0-15 Ate-S Rrf.   «00*0-4 Nla. .«5 19. N 5.5S .41* 

99« f. 0.     «00*0-15 Ate-2 Irf.   550*0-10 Nla. .72 16.5" 6.» .47* 

«09 V. 0.     800*0-15 Ata-2 Urs.   525*0-10 MB. .68 17.4 6.1X .489 

401 f. 0.     900*0-20 Ata-50 Brt. 550*0-10 Mla. .42     9.9 " 1.01 .95f 

«02 P. G.     900*0-20 AM-50 Rrt. 550*0-10 Min. .65     2.5 " 1.0X .44v 

It iB timificMt to ttato that tno (#986 Md #99«) of tho vorioblo 
gap eallf nara lar|a area call«, MhMftlng accuracy of MaauroMOto, 
Md «er« of tho OMO ordor of offIclmejr at tho olafU gap calla. It 
la couldorod uaalaoo to opoculata upon tha low offieioacioi of tho 
deap gallluB photphldo callo («401 Md #402) oinea M fow of thla 
tjrpa hava baw fahricatad thuo far. SOM oigDificMt dato hat hoM 
obtalMd on thla typa, hoMVor, and ia dlacutMd oubtaquantly. 

Tha I-V eharactariftlc CM ba inforaatlva la tha raola of convaroiM 
affieioaeiof. Typical I-V plots for oiaglo gap and variabla gap 
calla ara given ia Figure 7. Current is plotted per Mit area, 
allowing valid coopariaon. 
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Tin •!*!• W* otU «taMCttclitloi M«IIM lUtU «OMM.   tte »l«t 
It tMUBMlac. «i ladle«IM littl« CMUtlvt •ffecta.  Tto plot of 
tto v«Ubl« M ••" *om iaiic** *m trim CMUKMM U ** 
•lop« of tkt kltfi «mwt ntlM. «»»• *••*•**«<»• Jf/c21!?11 

•fftet Of thMt mUtMM. Mi Mk MtiMWO lA tht trtlilJ>Ot: 
Bkiit l»or. Modaooi bf tht KOMOM of latorttitUl ftoiffcowio. A 
««otcibutlat factor Mf «oil bo tto hltfi cotiicivUy (.09 ote-c^ 
•tartiog ootorial. Tho fairly ■oed offielooef (* pocont) of thi» 
Mil afftort aocoinrattm to furthtr ' 

4. T—rt«r« ChiMctortottca, 

Tto toehoMM tor Maaorlag foe« ate., varan« tc^oratoro «aa ro- 
ported eod Ulortrctfd la datoil to tto ptwrleu« ceportP). Tto 
cefulte of aeveral auch testa opeo typical cells apee closely with 
tsototiva dot« given in thst report, sod ere auMsriood ee follows: 

five e streifht line 
OHO sinfla gap «alls end 

Ths drop in foe with incressint 
slope of .00234 ♦ welte/aC for both our 
cells fObricstsd elseetore. 

The drop in foe with incressint tsnpsrature of wsrisble tap colls 
of ths lithtly diffused spscies is rsgulsrly less, .00210 v/X 
svsrsts. fiture 8 is a typieel plot of this fsctor. Tto Xao versus 
tsoperoturo curves for vsriSblo tap cells usuelly stow s aoro in- 
clined riss thsn for Sintis tap oalls. It is considsrsd this nay 
bs releted to rssiduel, interstitisl, elsMntsl phosphorus in tto 
Isttice, Which is snasslod out durint tto hsotint process in tsst- 
int. Tentstivs tost trestnsnt of colls in s hydrotsn stnosptoro 
sppssrs to incresse slithtly initial Ite sod flattsn tto rise of 
lie* Further «valustion of this point is sxpscted soon. 

Ths drop in Elton versus tsapersturs of ths lithtly diffused species 
of verieblo tap cells is nsssurSbly Isss, but only by s snsll fsctor. 

I 
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5.     Mflda flgMttHBHtlit* 

S«Ek «ote data it MtML la aaaaaalai juaeclaa quality and ntiaciva 
affacta.   Coaaanly, teeh varUUa M» «d •*"•*• M» Mil« a*IMfc 
aood ataap fatwH aamat alapaat ladleatlat *» •»•ai af 60 ■Uli- 
■aataa fetwrd aamat at oaa volt, tarn variäbla gi» ealla« altha«|h 
af toad affielaoqr, nflaet aaaiativa affacta la tha fanmrd otnaot 
alopa.   Gall «996, variaMa gap, lf^ ■ 6 paccant, la aveh a call. 
Pitaaa 9 illaatcataa it*a dlada eharaetariatlea.   Alaa ahova la Call 
#994 (varlabla gap) having low focvard raaiataaea, aad Call #399 
(aiagla g«) for eoapariaoa.   Thaaa tkraa aca typical of all calla. 

«.    iPKttil iüMMfr 

Spectral raapooaa ia regularly aooitocad in ealla« Tha reapeaaa af 
a aeriea af aiagla gap eella with jvaetieaa daataaaiag la depth ahew 
the espected iaeceeee ia ahart wavelength raapeaae. Coed canalatiaa 
ia aotad between thia blue laaponea aad diffoaioa achadnlaa aad Jaac* 
tlaa deptha« Figure 10 illuatretea the progreaaive laereeae of rea- 
peaae in the 400 to 600 •illlaicroa region af a aeriea af aiagla gap 
calla. 

It ia of iataraat to aote that the eiagle gep eella, elthoagh having 
bored reepoaaa, retain the high reaponae Into tha 800 to 890 nilli- 
■icron region» A eharacteriatic of the ahallew galliua phaaphida 
veriabla gap call ia noted In the peek reaponae occurring at about 
700 ■illlaicroaa, dropping aignifieaotly la the 850 nilliaicroo region. 
A draaetic difference ie noted in deep gelliia pheephide variable gap 
calla, with a pronounced peek, or peaka, occurring In tha 400 to 600 
■illlaicroa region, end e eharply defined peak at 890 ■illlaicrooe. 

Pigure 11 illuatretea typical reaponae curvee of the two typet. 

The peek obaerved In the abort wavelength region ia doaely related 
to the bend edge of gelliun pheephide; that at 890 nllliaicrooi to 
the band edge of gelliua ereenide. Thie reeponao ia eeaily repro- 
ducible in the deep gelliua phoephide eella, varying aowevhet in 
aeplitude» It ia coneidered eigniflcant ea e aathod of ■onitoring 
the contribution of current fron the higher band gap outeriel. 

It ia iaportant to note that the reaponae at 890 nlUinderona aupporta 
atrongly the theory of the high bend gep "window" principle« Thia 
aeeaa reeeoneble aince the gelliua phoephide layer ie knean to be in 
exceaa Of 10 aicrona thick, the eurface concentretion la known to be 
predominantly gelliua phoephide, end the junction ia known to be at 
the bottoa of the gelliua phoephide leyer« The aarkedly eharp peak at 
890 ailliaicrona aupporta the concluaion that tha "windoN" tranaaitted 
thia order of wevelength without greet attenuation or ebeorption» 
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rigurt 9, TvDlcal Dark Diode Curvu of Slnil« Gap and farlabla Gap Ctlla ,   _       _. 
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rimiM 11.   Typical IpMeral Mtponi« of Ti» ipwUi of ?«rl«bU Gap ColU 
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It MV Mtely bt Mfli^ tlwt tlN oNpmi MraeMM Milte 

phMfkMttatlM MWlte «Uk ItwKim tkte IM ral ttiM- 

UiM NftoM it pco*wa4 kf tolli ftiM «Ufettos of pko^kocM i^o 

gtf 11» «rMBftte ft phMytemt fWMlW« !• «OMi Of • ^MffkiEtt« 

Tto 4tMMto> mmmim rau of Mill» fheophMt foiMtiM to 

pcMMto «04 H^trinirt Motitivo, to iaUiolly ooco rapid by ocOtrt 

of a^toodt thm cloMlc fkeaphont« 4iffottoo, «od to «ttiiMly ooo- 

11M«.   iiMifiMot dipth dtftofoocot boeoMo tha poltotad »d «•• 

poltotad aida of tha »mm «afar bata baao obtarvad. 

Tht diffuatoo cata of aiae toto lalliua pbaaphidaialliM araao- 

ida allafa of bl* galliMi pboapbida aaocaat to aüDifleaatly faatar 

cbaa to talliuo artaaida, and to aattoatad ai graatar by ooa ar tw 

ordert of Mfaituda. Tba "iitod<V affact of tba bi|bar b«d gap l^rar 

to valid, «od dMooatratad by apaetral raapooM data Included to tbto 

raport* 

Virtobla gap calla of oot tpaela can ba of at laaft aqua affle- 

ioney •■ tha coiwantlooal stogla gap «•"• «^ ** •»•«• f««ibla 

to produca good afflelancy la doapar gatllw pboapbida luff. 

Tht taclmiqua of olactro-atch-stalniag of variabl« gap or atogla 

gap calla providaa a vary good, noa-daatructlva daf toicioa of tba 

Junction and galliua pboapbida lajrara. 

Variabl« gap calla of on« apacia axhibita « aaaaurabla, although 

•nail, advantag« In high tanparatura parforaanca. Purthar advantage 

appaara likely with toprovod tactaaiquaa, aatariala, and control. 

. so - 



o 

£ 

of, Mi eM**lkvtl«i few. tte hitter b«d tW «»- 

la tlM viriAU |i» etll U *m*mi to apMCrtl vMpoMt 4afea. 

Tte eoetMtü« of lollftM ptmphtoi •ucfoeo for lew eootaet to- 

•totawo, otetoUy. oec., to pottlblo, olthough tte pcottoc •yttwi 

of eoocoett My bo UvMMd» Md «Ul bo to tht neraol eooroo of cbo 

iavMtitaCtoo. 

Mo «oil doftood rolotioo hM booo oboorrod botoooa eiyotol 

ortoMotiM ood officlooqr «o yot.   Thto factor mtf bo oboeurod by 

othtr vorUbloo. 
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I 
It to dümHUnd tlut fututt ttvdiM IIMM iMlndt UM follMtati 

off tht fetpr ••Ui« plMpkMt ifM&M of Jrtl. *** 
let off pioduelat • «•" «o^iai^ food offfflelMq^te- 
ilah ttMoroturo ooiffoi—w «d dlMnnitc«ito wocc 

ttao objoet 

«•Imtth ronooM io tht 400 co 600 ■Ultaieroo rogioo to- 
l^od to tirCrodii off f Uiu- fl-toW*!; „f.^TSSU 
tolUoo ptotpMdt topcb off toeh • eoll ■Ifto bo 2 to 5 ■tonu. 

(b). Studtot off eootroU «d toetaiquo off *2!!,,'fcJ5ffJ22 *** * 
productot tto juDCtton to tbo flilum photpbido l^r w Mlov 
It, Mttoc ttoo tht Ittttr ooly.  Thto «ty pcovo otptetolly to- 
porttnt to tbo thollow gtlllttt pbttphldt typo off eoll. 

(c). Tht tbtllow tpoctot off coll thould bo ttittd, with Ittt «pbttto 
porbtpt, poodtof bottor control off Junettoo dtpth* 

(d). invtttlttttoo. by tupplytot tpproprltto ***^i***** 
Corpt PtctooDtl, off rtdtotton rttitttoet tod tiailtr chtrtcttr- 
tottoi.   Ttotttivt dtocuttloo «id dtllvtcy off •   «P^1^,«*11 

not atdt toward thto tad tt o cuotorooco to DttMbtr» 19oi* 

(t). Stodtot totradtd to ovtliitto tht tffffoct off »»ttltof. undtr 
hydrotra, varlablt gap ttructurta to oltototto toy tottrttittol 
oloatnttl photphorut. 

(I), Bvtluatton off tht rttt off tocrtttt off tffletoacy »tob toerttttd 
light tottntity.   8OM tvidtoet htt todtoattd to tdvtottgt off tht 
variablt gap ctllt to tblt roport, uhlch would bo of toportaoco 
in aolar eooctntrttor applicttlona« 

(I). Study and co^arlaon of tpittstolly gro« ga"i« P,»«Pwd*Jif
t"» 

to which no diffutton occura, and tht current tolid statt diffuaion 
typt of variablt gap call, 

(h). Studita of a concurrent, cuaulatlvt naturt which would providt 
data on - 

Haeeriela paraoetera relative to efficiency. 
Cryatal orientation with regard to gelliua phoe- 
phide converaion rates and/or diffuaion ratea of 
•inc. 
Optimal gallium phosphide concentretlon and depth 
for variable gap cells ee related to efficiency. 
Optimum position of p-n junction reletive to efficiency. 
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(«)•   Ctrahnaoo, Frosch, Hlkulyck - "Procipitation In 
Calliw Phosphlda**.   Aba. of llactrocbaaieal Soelaty, 

Nay* 1961. 

(5).   Saeond Tactelcal Siaaary Report, Ally 10, 1960. 
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